Spondylosyndesis is a surgical procedure that aims to correct spinal deformities, decompress the nerves, and fix unstable vertebral segments resulting from disc degeneration, fracture, spondylolysis, and/or spondylolisthesis. Ideally, a biological and mechanical environment is created that results in an osseous fusion of adjacent VBs. Interbody fusion is essentially a biological process of tissue differentiation, involving (among others) mesenchymal stem cells and directed by (among others) growth factors, vascularization, and oxygen. 7, 19, 22 The mechanical environment is involved in two different ways. First, as in fracture repair, mechanical stability is a prerequisite for bone formation: excessive motion leads to cartilagenous or fibrous tissues (pseudarthrosis). 2, 6, 8, 9, 23 Second, connective tissues need mechanical deformation to transport nutrients and waste products to and from the cells through the extracellular matrix, 16, 21, 24 and probably also to proliferate and differentiate; stiff implants relieve the load on living tissues and thus may retard or even inhibit interbody fusion (stress shielding). 14, 28, [34] [35] [36] 40 Therefore, the design and material of the spinal instrumentation largely determine clinical success.
The introduction of the intervertebral cage revolutionized the surgical treatment of degenerative spinal distortions with excellent clinical results. [3] [4] [5] The cage allowed surgeons to restore the sagittal plane alignment and the load-bearing capacity of the anterior column accurately, and introduced proper mechanical stability into the treated segment. 10, 39, 41 With the relatively small size of the cages, minimally invasive techniques could be applied, thus limiting soft-tissue damage and the risk of infections. 13, 15 As a result, patients could be mobilized earlier, which shortened the rehabilitation process. The first-generation cages, however, had important disadvantages. First, the metal cages were much stiffer than the surrounding tissues, thus retarding or even inhibiting interbody fusion. 28, [34] [35] [36] 40 Second, the metal cages obscured the intervertebral space on neuroimaging examination; it beNeurosurg Focus 16 (3): Article 3, 2004 , Click here to return to Object. Interbody fusion is a gradual process of graft resorption and tissue formation, ideally resulting in a bone bridge between two adjacent vertebral bodies. Initially, fibrous tissue and cartilage are formed, which subsequently are replaced by bone through the process of endochondral ossification. When cages and/or their contents are made of resorbable polymers like lactic or glycolic acids, there is a simultaneous process of implant degradation, which is eventually accompanied by reactions in the surrounding tissues. The purpose of this study was to explore the use of highresolution magnetic resonance (MR) imaging for monitoring tissue differentiation, spinal fusion, cage degradation, and eventually tissue reactions as a function of time.
Methods. Lumbar vertebral segments obtained in 14 goats with 3, 6, and 12 months of follow up (three, four, and seven animals, respectively) were available from a study of the feasibility of poly(L,D-lactic acid) cages for spinal fusion. Plain x-ray films, MR images, and histological sections were used to evaluate spinal fusion and cage resorption. The first follow-up tests revealed that MR imaging noninvasively provided three-dimensional information on cage placement, cage degradation and bone formation, and that it has potential to differentiate between the various soft tissues.
Conclusions. Although the magnetic field strength and thus the resolution used were higher than normal in clinical practice, MR imaging appears to be a promising modality for the noninvasive clinical follow up of patients who undergo fusion with resorbable cages. Tissue reactions were not encountered in this study, and thus could not be evaluated.
came practically impossible to determine if interbody fusion had occurred. Third, the cages are foreign bodies within the bone bed; if infection or immune rejection occurs, removal of the device is almost impossible. Newer cage materials like carbon fibers or polyethylethylketone reduced the first two problems but did not solve the third.
Polymer-based bioabsorbable materials like polylactic acids have recently been shown to be promising cage materials for spinal fusion: they have demonstrated strength and resorption characteristics commensurate with the physiological and biomechanical requirements of the human spine. [31] [32] [33] Histological analysis has also demonstrated successful and timely resorption, accompanied by bone replacement and remodeling in an animal model.
34, 40 The radiolucent nature of these materials improves image assessment of spinal fusion, and their resorption characteristics allow controlled dynamization. Over time, the devices are resorbed through natural pathways, thereby reducing load sharing and consequently stress shielding of the surrounding tissues.
34, 40 Nevertheless, the composition of polymers is very diverse, showing a wide variety of resorption characteristics and evoking tissue reactions of various grades of severity.
11 Also, the polymer degradation rate depends on the implant dimensions, sterilization procedure, implant site, mechanical loading conditions, and host tissue. 11, 32 To follow the process of interbody fusion, as well as the degradation of the bioabsorbable material, a noninvasive tool for clinical evaluation is required. We think that MR may be ideal for this purpose, because it has been shown to be sensitive to changes in tissues over time, for example, during differentiation, inflammation, and edema. 1, 18, 20, 26, 29 Moreover, MR images are able to demonstrate the infiltration of tissues into the implants as well as the materials' degradation over time in vivo. 17 Specifically, MR imaging can be helpful for the evaluation of the fusion zone within the cage and for the assessment of a sentinel sign at the anterior side of the segment. The 3D coverage can provide information on the position of the cage after surgery. There is an additional advantage in the analysis of specimens in animal models: whereas histological and histomorphomic studies will be limited to one or more sections of a specimen at one point in time (after planned death), MR imaging can be used to evaluate the complete 3D content of a cage in a longitudinal follow-up study.
To explore the potential benefits of high-resolution MR imaging, without incurring the practical problems that arise when testing large animals in vivo, we performed an ex vivo investigation by using specimens originating from a related study on resorbable cages in goats. Qualitative and selected quantitative analyses were performed on treated vertebral segments obtained in goats at 3 to 12 months of follow up. The focus of the research was on placement and degradation of the cage, tissue differentiation within the cage, tissue reaction, and assessment of the sentinel sign.
MATERIALS AND METHODS

Experimental Animals
The surgical procedures and animal care were performed in compliance with the regulations specified in the Dutch legislation regarding animal research. The protocol was approved by review boards of the Vrije Universiteit Medical Center for animal experiments. For this study we used 14 skeletally mature female Dutch milk goats. Animals were killed at 3, 6, and 12 months postsurgery (three, four, and seven goats, respectively). During this period, they were allowed to move freely in an open field with access to a spacious stable. The surgical procedure has been described in detail elsewhere. 34 
Surgical Procedure
Via a left retroperitoneal approach, the L3-4 intervertebral disc was identified and transversely penetrated by a 2-mm guidewire. An 8-mm drill bit was positioned over the guidewire, and a round channel was drilled through the intervertebral disc and adjacent vertebral endplates, leaving the anterior and posterior longitudinal ligaments intact. This was repeated with a 10-mm drill bit. The intervertebral disc and approximately 2 mm of endplate and subchondral bone of both adjacent VBs within the transverse rectangular defect were then removed in a standardized way by using a custom-made box gauge (10 ϫ 10 mm).
Cage Description and Implantation
Custom-made interbody cages (MacroPore Biosurgery, Inc., San Diego, CA) with a vertical and rectangular configuration were used (10 ϫ 10 ϫ 18 mm; wall thickness 1.5 mm). The implants were made of a radiolucent PLa and had an axial compression strength of 6546 Ϯ 188 N (mean Ϯ standard deviation, six implants). All cages were packed with autologous bone graft from the iliac crest.
Specimen Preparation
After the animals were killed, a gross pathological examination was performed. Subsequently, the surgically treated motion segment was excised and trimmed of residual musculature. The transverse and spinous processes were removed. The segment was kept at 0˚C and immediately transported to an MR unit.
The MR Imaging Protocol
The MR imaging experiments were performed using a 6.3-tesla MR imaging scanner with a 9.5-cm diameter horizontal bore, equipped with a VXR-S imaging console (Varian Associates, Palo Alto, CA). The MR imaging studies were started approximately 3 hours after killing the animals, and were performed at room temperature. The segments were wrapped in plastic and inserted into a 5.5-cm diameter linear driven birdcage radio frequency coil. Two plastic tubes containing standard solutions of 0.15 and 0.3 mM MnCI 2 were put next to the segments as a reference.
Depending on the size of the specimen, 21 to 35 slices were recorded; the slice thickness was 1 mm and there was no gap between them. The in-plane field of view for all images was 5.5 ϫ 5.5 cm 2 . High-resolution MR images were acquired in the transverse and sagittal planes by using a standard spin echo sequence with a repetition time of 4 seconds, an echo time of 15 msec, and 12 signal averages. The matrix size was 256 ϫ 256, zero-filled to 512 ϫ 512, yielding an in-plane resolution of 200 and 100 m in the original and interpolated images, respectively.
The T 1 -weighted MR images were acquired in the transverse planes by using a standard spin echo sequence (TE 15 msec, four or eight signal averages, and varying TRs: 0.5, 0.76, 1.14, 1.73, 2.26, 4, and 6 seconds). The matrix size was 256 ϫ 128. This repetition time array was used to calculate corresponding T 1 -weighted maps. The T 2 -weighted MR images were recorded in the transverse planes by using a standard spin echo sequence (TR 4 seconds, four signal averages, and varying TEs: 15, 21, 28, 37.5, 53, 73, and 100 msec). The matrix size for these images was 256 ϫ 128. This echo time array was used to calculate corresponding T 2 -weighted maps. The MR images were analyzed using Mathematica software (Wolfram Research, Inc., Champaign, IL); the total scan time was approximately 16 hours per specimen.
Analysis of Fusion
After MR imaging, the segment was sectioned in a standardized manner by using a water-cooled band saw (EXAKT, Norderstedt, Germany), creating parasagittal sections 3 and 5 mm thick. Lateral radiographs of the sectioned specimens were used to estimate interbody fusion within the cage devices according to a validated threepoint radiographic score, 36 as follows: radiographic Score 0, no ingrowth of bone into the cage; radiographic Score 1, ingrowth of bone with the cage securely fixed to vertebral bone above and below, but with a radiolucent discontinuity in the fusion mass; and radiographic Score 2, spondylosyndesis with solid bone bridging the fusion area. Similarly, the interbody fusion stage was determined on MR images, according to the same scoring range, but now expressed as MR Scores 0, 1, and 2.
Undecalcified Histological Sections
The 5-mm sections were dehydrated and embedded without decalcification in methyl methacrylate. 30 After polymerization, PLa specimens were cut into 7-m sections with a microtome (Jung-K R; Jung, Heidelberg, Germany). All sections were stained with Goldner trichrome, H & E, and toluidine blue for transmitted light microscopy.
RESULTS
All animals recovered uneventfully from the surgical procedure, and normal ambulatory and social activities were regained at approximately the 2nd postoperative day. The MR findings on cage resorption, fusion, and the formation of a sentinel sign for each goat are listed in Table 1 .
The Bioabsorbable PLa
The cages themselves produced no detectable MR signal at 3 and 6 months ( Fig. 1 left and center) . At 3 months the cages showed small cracks and at 6 months they all showed considerable plastic deformation. At 12 months the cages demonstrated a moderate signal intensity, indicating the presence of free water or tissue within the device (Fig. 1 right) . Some parts of the cages were resorbed and the parts that were still visible demonstrated an increase in thickness of up to 50%. At 3 and 6 months, a thin line of high signal intensity was found on the surface of the cage. At 12 months this thin line had disappeared, but the cage itself had a higher intensity. Also during histological examination, the cages with 3 and 6 months of follow up revealed tiny fractures. All cages were surrounded by a thin layer of fibrous tissue, which changed into fibrocartilage in the fusion zone and on the loaded edges of the cage (Fig. 2 upper and lower left) . No inflammatory reaction was observed at 3 and 6 months. Results of the 12-month histological evaluation were not available at the time of this writing.
Fusion Zone
The results of the evaluation with x-ray films are summarized in Table 2 . They show that there was always bone ingrowth into the cage, but complete fusion was found only in two of four specimens at 6 months, and in two of seven specimens at 12 months. One sentinel sign was found after 6 months with a radiographic score of
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Magnetic resonance imaging for monitoring interbody fusion 3 1 and two sentinel signs were found after 12 months (one with radiographic Score 1 and one with radiographic Score 2). The MR score, as shown in Table 1 , confirms the radiographic score for most specimens, but not for all: the radiographic Score 1 (ingrowth) of Goat No. 19 (6-month follow-up review), for example, appears to be an MR Score 2 (fusion). The reason for this finding is that the radiographic score is based on an x-ray film of a 5-mm midsagittal section and the MR imaging score is based on a total evaluation of the fusion zone. Histological investigation of the 5-mm section in the nonfused area, as well as the corresponding MR imaging slice, confirms the radiographic score of 1 ( Fig. 2 upper left and right) , but MR images reveal a fusion in another location within the cage (Fig. 2 lower right) . Similarly, the MR image of Goat No. 12 (12-month follow-up review) demonstrates fusion, whereas the radiographic score is 1. The reason for this discrepancy is a small fusion zone that is visible on MR images but not on x-ray films.
Tissue Identification
Qualitatively, high-resolution T 1 -weighted MR images reveal many details of the composition of the tissues within and around the fusion zone (Fig. 3) . Bone, for instance, always has a low signal, whereas fibrous tissue yields high-intensity signals (see also Fig. 1 ). With the high resolution used here, individual trabeculae are visible; these have a thickness of approximately 200 m. The thickness of the fibrous cartilage layer is also in this order of magnitude. Another remarkable finding is that yellow marrow has a bright appearance on the MR images, whereas red marrow can hardly be distinguished from bone (Fig. 3) . Apart from the bright and dark areas, several levels of gray can be seen, which are sometimes difficult to discriminate among. Most of the gray area in the fusion zone can be identified as cartilage (compare Fig. 2 upper and  lower left and upper right) . Nevertheless, cartilage can be either the fibrous or the hyaline type; these are different types of tissue, indicating also different phases of fusion. At first glance, it is difficult to tell whether one or the other is present from the MR images.
One possibility for overcoming this problem is to take a more quantitative approach and focus on T 1 and T 2 relaxation times, which may be tissue specific. Figure 4 upper left is a high-resolution transverse slice of the fusion zone in a specimen obtained at 6-month follow-up review. The buckled cage has almost no signal intensity, and the bright line of fibrous tissue is clearly visible. Within the cage, there is a broad spectrum of gray values. The T 1 map (Fig.  4 upper right) shows less variation of T 1 values within the cage, but in the T 2 map a brighter spot can be seen at the lower edge of the cage (Fig. 4 lower left) . We chose three ROIs (Fig. 4 lower right) , and determined the regional values of the T 1 and T 2 relaxation times ( Table 3 ). The ROI with the much longer T 2 relaxation time (the bright spot in Fig. 4 lower left) also has a somewhat longer T 1 relaxation time. This indicates higher water content in the tissue, presumably an area of fibrous tissue embedded within more cartilage-like ones, or an area with relatively high blood volume (for example, blood vessel).
Three-Dimensional Information
An important feature of MR imaging is that a volume of interest is displayed, not just one or two single slices; in this volume, one can evaluate the alignment of the cage within the intervertebral disc. Ideally, the cage is placed symmetrically in the frontal plane (Fig. 1 left) , entering the endplates of both VBs. Cages are sometimes more shallowly placed (Fig. 1 center) , and Fig. 1 right shows that the lateral approach is sometimes difficult, presumably because of the rounded edge of the VBs, which forces the surgeon to choose a more anterolateral angle. The placement of the implant through both endplates appears to be less difficult but still problematic. Because of the low signal intensity of the cage, it is easy to evaluate eventual damage to the nerve tissues.
The 3D information is also helpful in determining whether fusion is achieved. Figure 2 shows that one sagittal section may present a nonunion, although fusion can be
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Magnetic resonance imaging for monitoring interbody fusion 5 Fig. 3 . Photograph showing a macroscopic view (left) and MR image (right) of the midsagittal slice of a specimen obtained at 12-month follow-up review. The cage has clearly thickened, and the gray appearance points to an advanced stage of degradation. Note the difference between the yellow marrow, which appears bright on the MR image, in contrast to the red marrow, which appears dark in this image.
found elsewhere within the cage. The radiographic score used in earlier studies appears to be reliable (that is, specific), but sometimes underestimates the level of fusion because it is based only on a midsagittal slice of 5-mm thickness.
The 3D information also appeared to be helpful in analyzing so-called sentinel signs. A sentinel sign is defined as a bone bridge, occurring outside the fusion zone, mostly at the anterolateral edge of the intervertebral discs. At 6 (one goat) and 12 months (two goats), sentinel signs were observed on radiographic evaluation of the midsagittal slice. An MR image evaluation allowed us to confirm the sentinel sign at 6 months (Goat No. 10) and the one at 12 months (Goat No. 8), but led us to question the second sentinel sign (Goat No. 3). On the other hand, MR images revealed two sentinel signs at 3 months (Goat Nos. 13 and 15) that were not scored on x-ray films because of the lateral position of the bone bridge.
DISCUSSION
The purpose of this ex vivo study was to explore the potential benefits of high-resolution MR imaging in monitoring spinal fusion by using bioabsorbable cages. It was found that bone, fibrous tissue, cartilage, and red and yellow marrow were well visualized on MR images. An analysis of T 1 -and T 2 -weighted maps shows that a more quantitative approach could be helpful for further tissue identification. The bioabsorbable cages were clearly visible at 3 and 6 months, because of the marked contrast between the low signal intensity of the cage and higher signal intensity of surrounding tissue. Hydrolysis became visible after 12 months, when the cage showed a grayer appearance. Possibly, the dynamics of hydrolysis of the cage could be followed over time by using ultrashort echo time imaging, which will reveal water at a very short T 2 relaxation time. 25, 38 The 3D nature of MR imaging and the possibility of obtaining images in all directions reveals It was interesting to find that the cages had fractured already after 3 months, and that they were covered with a thin layer of fibrous tissue; these findings were confirmed histologically. The cracks in the cage seem at least to be of some clinical value, because they affect the mechanical integrity of the implant and thus of the treated segment. The fact that less than half the specimens of the 6-and 12-month groups showed fusion is an indication that the fusion process is hindered by a reduced mechanical stability. The PLa cages apparently were mechanically overloaded in this stand-alone configuration. It has been determined that the spinal load in the goat is comparable to that in an adult human, despite the smaller body size and the horizontal position of its spine. 27 Clinically, cages are routinely applied in conjunction with internal fixation.
It should be emphasized that the resolution of the MR images used in this study was quite high (~0.1 mm) compared with what is used routinely in the clinic (~1 mm). This was made possible by using both a high field strength and long measuring times. High-resolution images are of very high quality but have the disadvantage of longer scanning times. This is not problematic in the evaluation of explanted segments such as those used in this goat study, but it is less than optimal for clinical application. Intervertebral cages for humans are larger than the ones used in this goat model, but only by a factor of two or three, not 10. Microcracks will not be detected as easily on clinical MR images, but there is still plenty of information of interest that will be visible. The cage itself, for example, is clearly identified, and its placement and resorption can be evaluated at follow-up review. Because polylactic acid provides no artifacts on MR images, all tissues are clearly visible, which allows us to determine whether fusion through the cage has been achieved and/ or a sentinel sign has been formed. Quantitative analyses may allow more accurate tissue identification, but that is a subject for further study. It is interesting to note that yellow and red marrow can be distinguished so well from one another and from cartilage, as pointed out earlier by others. 12, 37 In previous studies investigators have shown that the fusion zone contains yellow marrow shortly after fusion, whereas red marrow is found only at later stages. 34 This indicates that the color of the marrow can be indicative of the "maturity" of the newly formed bone. Whether this has any clinical relevance is as yet unclear.
CONCLUSIONS
Magnetic resonance imaging has great potential as a noninvasive tool for the evaluation of spinal fusion after placement of bioabsorbable cages. The degradation of the cages can be visualized, although only long after they lose mechanical integrity. The broad coverage of MR images allows us to evaluate cage placement and bone formation both within and outside (sentinel sign) the cage; cartilage and fibrous tissue can also be identified. Quantitative analyses may allow more detailed tissue identification, but this must be investigated further.
